Bioethanol is a suitable candidate as a reusable rocket engine fuel because it is carbon neutral and environmentally friendly. Based on the JAXA future transportation reference system, the feasibility of a gas generator cycle fueled by bioethanol was examined in this paper. The result is considered to be a general design guideline of an ethanol-fueled rocket engine. A combustion pressure of 7 MPa, an expansion ratio of 25, a turbine efficiency of 0.6 and a pump efficiency of 0.7 enabled the engine to satisfy the required specifications with an Isp efficiency of 0.96. In addition, a flow experiment of bioethanol under high temperature and high pressure was conducted. Resulting from the EPMA analysis, the presence of sulfur and coking was recognized on the copper-alloy tube.
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Introduction
As the number of rocket launches will increase in the near future, their environmental compatibility becomes much more important. Disposable rockets currently in use are discarded at each time of launch, emitting carbon dioxide not only in the firing phase but also in the fuel production process. For example, hydrogen forms a great deal of carbon dioxide at the time of production by steam reforming of hydrocarbon. As an environmentally compatible rocket fuel, carbon-neutral bioethanol (BE) is considered to be a suitable candidate. Bioethanol is a non-toxic, non-cryogenic propellant and does not produce any soot in fuel-rich combustion. However, ethanol is poorer in its I sp performance compared to the other major hydrocarbon fuels such as methane or kerosene. Therefore, a careful feasibility study is needed for the given mission.
In this paper, a feasibility study on an ethanol-fueled booster engine for a reusable small satellite launcher 1) is conducted. The launcher consists of a reusable booster and a single use upper-stage and has the ability to launch a 500 kg satellite to the low-Earth orbit of 500 km. The discussion here is confined to the booster engine and the total system design is presented in another paper 1) .
From a practical viewpoint, sulfur attack in a regenerating cooling path would be a serious problem when bioethanol is used as a rocket fuel. The experimental results of a fuel flow test are also shown in this paper. After a 2000-second ethanol flowing test in a 2-mm copper tube, the effect of a sulfur attack was examined by an electron probe microanalyzer.
Required Performance
Requirement specifications resulted from the total system design of the small satellite launcher 1) as shown in Table 1 . Only the case of two engines is discussed here. A Gas Generator (GG) cycle is assumed in this study as a feeding system even though it is not included in the requirement. As a practical advantage, the GG cycle enables an easy change to turbine power, making straightforward development possible. The feasibility of a staged-combustion (SC) cycle is not mentioned here, but one can easily estimate the theoretical performance of a SC cycle engine from the results of GG cycle analysis described in this paper. 
Engine main combustion chamber design
A parametric study of the main combustion chamber was conducted by NASA CEA2, and the results are shown below.
Main combustion chamber pressure
Since high combustion chamber pressure causes technical difficultly during the development process, a lower combustion pressure is desirable. On the other hand, it is better to maintain a pressure above the critical pressure of ethanol (6.14 MPaA) so as not to cause the unstable phase changes of the fuel through the injectors. Therefore the combustion pressure was set to 7 MPaA.
Mixture ratio (O/F)
The optimum mixture ratio (O/F) of a LOX/ethanol engine was examined by NASA CEA2. From the results, the optimum O/F was determined to be 1.6 in the case of frozen flow and 2.0 in the case of equilibrium flow. Since the actual mixing characteristics are usually in the middle of both cases, this study adopted an O/F of 1.8.
Contraction ratio (Ac/At)
The contraction ratio is fixed at three.
Expansion ratio (Ae/At)
When determining the expansion ratio, it is necessary to account for flow separation limit. Flow separation limit is estimated by Schilling's empirical formula 2) .
According to NASA SP-8120 2) , having a 20% margin for the estimated separation limit is recommended. Figure 1 shows the nozzle exit pressure calculated by NASA CEA2. The red dashed line shows the allowable lower limit of the static pressure determined by Eq. (1) accounting for 20 % of the margin. From this, the expansion ratio was set to 25. We used maximum allowed nozzle exit diameter (1.6 m as shown in Table 1 ) in this analysis, so the throat diameter is uniquely decided according to the expansion ratio. As the expansion ratio increases, the throat diameter decreases. Figure 2 shows the expansion ratio versus vacuum thrust and specific impulse. Dashed lines are the minimum required specific impulse and vacuum thrust. Since the exit diameter is fixed in this study, a higher expansion ratio means a smaller throat diameter, resulting in a smaller thrust. Figure 3 shows the nozzle shape of the main combustion chamber. The converging angle of the combustion chamber is fixed at 20°, and the diverging angle is fixed at 15°. L t and L e are determined so as to satisfy the contraction and expansion ratios. The characteristic length L* of the combustion chamber was set to 1 m equivalent to the value of the RP-1 referring to NASA SP-125 3) . L c is determined from L* by using Eq. (2). From the above results, the main parameters of the combustion chamber are defined as shown in Table 2 . 
Combustion chamber configuration
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.1. Overview of regenerative cooling
The ability of ethanol regenerative cooling is lower than that of hydrogen. Thermal decomposition and coking could occur in ethanol at more than 600 K. As the tank temperature is assumed to 300 K, the allowable temperature rise is limited (T = 600-300 = 300 K). In this study, the feasibility of the regenerative cooling by ethanol is discussed. In addition, the number of reusability is also estimated considering thermal stress and thermal fatigue.
Although the pressure at the inlet of the regenerative cooling channel is one of the variables, we fixed this to 10.5 MPa, corresponding to 1.5 P c . Figure 4 shows a model of a regenerative cooling system. Channel wall design which uses a width b, depth h and radial wall thickness t w is assumed. Table 3 shows the design parameters of the regenerative cooling channel. This study uses b = 2 mm with h/b = 6.0 at the throat section. At a different location, b and h are proportional to the local diameter of the nozzle.
Shape of the regenerative cooling channel
In the current manufacturing technology, the aspect ratio (h/b) of 10-15 is possible. It is technically difficult to further reduce the thickness t w of the channel wall (< 0.5 mm). 
Result of the calculation
The hot-gas heat transfer coefficient was calculated using the Bartz equation 3) and the coolant-side heat transfer coefficient was calculated by Dittus-Boelter equation. To determine the pipe friction coefficient necessary for obtaining the pressure loss, the Swamee-Jain equation is used.
The inside and outside wall temperature difference is within an acceptable range. The hot gas-side throat wall temperature has exceeded the maximum allowable temperature, i.e., 850 K, for the use of copper. As a countermeasure, a thermal barrier coating could be implemented. When assuming the use of the 10-μm-thick thermal barrier coating of which the thermal conductivity is 3 W/mK, this would result in a coating surface temperature of 1236 K with a temperature of 836 K at the interface of the thermal barrier coating and copper wall and 686 K at the coolant-side wall of copper.
By adding a thermal barrier coating, the operational parameters would fit within the acceptable temperature range for copper. 
Number of reusability
NASA-TM X-73655 4) was referred in order to estimate the number of reusability. With the combustion gas-side wall temperature of 800 K, the difference between the coolant and hot side wall temperatures of 200 K, the engine failure would occur after 1000 times the thermal cyclic fatigue. If a safety factor of four is applied, the engine could be reused up to 250 times. As for the engine designed in this study, the hot-gas side temperature was 836 K and the difference between the coolant and hot side wall temperatures was 150 K. Both are close to the examples of NASA-TM X-73655 and we conclude that the design satisfies the 100-times reusability with a safety factor of four.
GG cycle design analysis 3.3.1. Overview
The GG cycle is assumed as shown in Fig. 5 . Although one-turbine configuration is also a possible candidate 5) , two independent turbine systems were used for LOX and ethanol in order to have design flexibility. Table 5 shows the initial tank conditions. Tank pressure is set to 0.3 MPa considering NPSH 3, 6, 7) . The pressure loss coefficients in each propellant feed line are displayed in Table 6 . The definition of the pressure loss coefficient k is shown in Eq. (3). Table 7 shows the given specifications of GG. The GG combustion chamber pressure is set to the same value as the main combustion chamber pressure. The GG combustion chamber is uncooled, so the chamber wall temperature must be less than 850 K considering a sufficient number of reusability. Fuel-rich side O/F was 0.05 to satisfy this combustion chamber temperature. 
GG combustion pressure
Bleed ratio
Bleed ratio is defined as the mass flow rate of the GG bleed gas to the total mass flow rate. In our analysis, the minimum bleed ratio to satisfy the power balance between turbines and pumps is surveyed by a simple iteration process.
Turbine and pump efficiencies
The required bleed ratio was calculated varying turbine and pump efficiency from 0.2 to 0.7. The same efficiency was assumed to LOX and fuel turbo pump. In the actual LOX/RP-1 engines, a pump efficiency is generally higher than 0.7, while a turbine efficiency is generally higher than 0.6.
Calculation results
The resulting bleed ratio and system I sp are summarized in Tables 8 and 9 , where the I sp efficiency is 1.0. One can easily estimate the required I sp efficiency by this table. For example, when the pump and turbine efficiency is 0.6, I sp efficiency must be above 0.954 (315/330.3). 
Detail analysis
In the previous section, the GG cycle, which enables a straightforward development process, was found to be feasible for the required mission specification with a combustion pressure of 7 MPa, a turbine pump efficiency of 0.6, and an I sp efficiency of 0.954. For further validation, an analysis is conducted using "Rocket Propulsion Analysis ver2.2 (RPA)"-a commercial software. The input parameters are listed in Table 10 and the results are summarized in Table 11 .
In the RPA analysis, the bleed ratio was estimated to be much larger. This is because this software assumes the considerable inducer pressure loss and the pump exit pressure. As a result, the vacuum system I sp (312.6 s) does not satisfy the specification requirements (315 s). The estimated I sp efficiency was 0.955, which nearly corresponds to the desired value in the previous section. Sea level thrust obtained from RPA was much smaller than that of our original analysis. This was due to the difference of the assumption on the flow separation limit. At any rate, both results satisfied the specification requirement shown in Table 1 (> 706 kN). We performed a wide-range parametric survey in the previous section and had more precise results by RPA. Since the vacuum system I sp obtained by RPA has not satisfied the mission requirements, some of the input parameters should be adjusted. The nominal case and adjusted cases (Case A and B) are shown in Table 12 . The nominal case parameters are the same as those in Table 11 . As for Case A, the nozzle shape is changed to a bell nozzle from the original conical nozzle assumption. In addition, the pump efficiency was increased to 0.7 in Case B. The vacuum system I sp of Case B satisfied the mission requirements. As for the engine weights, the RPA empirical database resulted in a 877 kg/engine, which satisfies the mission requirement.
Additional performance improvements would also be possible by increasing the initial tank pressure (ex. 0.4 MPa) or the combustion chamber pressure (ex. 8-11 MPa). However the engine weight is increased in both cases and serious trade-off study is necessary.
Sulfur Corrosion and Coking within the Regenerative Cooling Channels
Experimental apparatus
The corrosion of cooling channels by sulfur is a serious concern when considering the use of BE. Furthermore, the deposition of carbon components due to the thermal decomposition is to be studied.
In this study, BE was flown in the copper-alloy tube under high temperature and pressure conditions, simulating the regenerative cooling channels of rocket engines in order to understand the impact of sulfur corrosion and coking. Figure 6 illustrates the experimental apparatus. The BE fuel is flown through the tube specimens, which simulate the regenerative cooling channels. The impact of sulfur corrosion and coking is assessed by cutting a specimen and analyzing its surface after the flow test, as shown in Fig. 7 . The specimen is made of copper-alloy (SMC), is 150 mm in length and has an inner diameter of 2 mm. 
Experimental conditions
An impact of sulfur corrosion or coking is affected by the following parameters 8) :
・Inner wall surface temperature of the cooling channel ・Shear force by BE ・BE sulfur concentration (for sulfur corrosion only) In this study, we focused on the temperature effect and the experimental conditions shown in Table 13 were used at the BE flow test.
The experimental pressure is 7 MPa, which is above the critical pressure of ethanol (6.14 MPa). The total flow time is 2000 s, corresponding to the required burn time at one launch. Due to a limitation of the tank capacity, 2000 s was achieved by multiple tests. 
Evaluation method
After the flow test, specimens were cut and the inside surface was analyzed by an electron probe micro-analyzer (EPMA) in order to seek the existence of sulfur or carbon components. If peeling occurred due to a severe corrosion, some flakes would be caught in the filter attached downstream of the specimen. Figure 8 shows the EPMA results for Test 1. The existence of sulfur and carbon components was recognized. Similar results were obtained in the other cases (Test 2, 3, and 4). Quantitative comparison was difficult because just a trace was observed in each case. The downstream filters did not catch any flakes through the experiment. Summarizing these experimental facts, there would be no problem for one-time use, but a cumulative effect should be studied hereafter.
Experimental result
Conclusions
Performance analysis
Feasibility on an ethanol-fueled booster engine for a reusable small satellite launcher is described. As a result the use of the GG cycle with a LOX/ethanol propellant is feasible. This result could be used as a general design guideline of ethanol-fueled engine.
For an engine with a combustion pressure of 7 MPa, an expansion ratio of 25, a turbine efficiency of 0.6, and a pump efficiency of 0.7, the required specifications were satisfied with an I sp efficiency of 0.96.
Assuming a use of 10-μm-thick thermal barrier coating, this would result in a coating surface temperature of 1236 K with a temperature of 836 K at the interface of the thermal barrier coating and copper wall and 686 K at the coolant-side wall of copper.
A 1000-fold reusability, before fatigue fracture at the channel walls was determined. Although, if a safety factor of four is considered, the reused is 250-fold.
Sulfur corrosion and coking in generation cooling channels
With respect to sulfur corrosion and coking, a trace of sulfur and the existence of carbon components were observed on the copper-alloy specimen after the 2000-s ethanol flow test at high pressure (7 MPa) and high temperature conditions. Surface peeling was not observed. More detailed study is needed to evaluate the cumulative effects of a sulfur attack and coking in the regenerative cooling channel.
